Abstract. Non-identical particle correlations have been used to study the properties of the source emitting particles in heavy-ion collisions. In this work the status of non-identical particle correlations technique and latest results from ultra-relativistic heavy-ion collision experiments are discussed. Some specific features of the Coulomb interaction, important for the asymmetry analysis, are discussed.
INTRODUCTION
Non-identical particle correlations technique [1, 2, 3, 4] has been used successfully in intermediate energy collisions to study the details of the time ordering of the emission of particles from these systems [5, 6, 7] . The measurements were usually done with baryons, for which both Coulomb and strong interaction were important. The measured time differences were of the order of tens or hundreds of fm/c.
In ultra-relativistic heavy-ion collisions the matter produced is meson dominated. For meson interactions Coulomb becomes the dominant contribution in two-particle interaction, therefore its properties will be studied in more detail. Also in such collisions very short lifetimes of the source are observed [8, 9, 10] , therefore large emission time differences between particle species are not expected. This opens up a possibility to study space asymmetries as well [11] , which turn out to be closely connected to the dynamics of the emitting source [4, 11] . In the last section, the experimental results in non-identical particle correlations and their interpretation will be discussed.
The topic of measuring pair interaction potential through non-identical particle correlations is covered in a separate talk at this conference [12, 4] and will not be discussed here.
TWO PARTICLE WAVE-FUNCTION AND THE CORRELATION FUNCTION
In case of two non-identical particles their pair wave function may include contributions from two types of interaction [4, 11, 2, 13] . With no interaction it is a plane wave. The strong interaction leads to a scattered spherical wave. The Coulomb interaction modifies both the plane and the scattered wave. The movement of the center-of-mass of the pair can be separated out and does not enter into our consideration. We then have the relative wave function:
where
is the Coulomb Gamov factor, F is the confluent hyper-geometric function, G is the combination of of the regular and singular s-wave Coulomb functions, f is the swave scattering amplitude. For illustration of the emission asymmetry measurement we will analyze only the Coulomb part of the interaction:
Apart from the asymmetry analysis, Coulomb and Strong interaction may also be used to study the shape of the source [14] .
In the theoretical formulation the correlation function is defined as the modulus squared of the two-particle wave function averaged over the source emission function:
Therefore by analysing the behaviour of the pair wave function we can also infer the properties of the correlation function itself.
THE COULOMB INTERACTION AND THE ASYMMETRY MEASUREMENT
The F function from (2) is of particular interest in the asymmetry analysis, because it depends on the source spatial distribution. It is an infinite series of the form:
which in our case corresponds to:
where a is the Bohr radius of the system and θ * is the angle between the relative momentum and the relative separation in the pair rest frame. The dependence of the wave function on this angle is crucial for the asymmetry measurement. An example of the contribution of the F function to the pair wave function modulus for the same value of r * and different values of θ * is seen on Fig. 1 . Let's restrict ourselves to the transverse plane. For a pair of particles we can define three directions: the direction of the pair relative momentum k * , the direction of the pair relative position r * and some third direction that we measure for the pair, for example the pair average momentum K. We can then define the angles between these three directions: angle Ψ between k * and K, angle φ between K and r * and θ * as the third angle. We can trivially write: Ψ = φ + θ * , which leads to: Later we consider the sign of the average cosines of these angles, for which we have:
We also notice, that in the usual Bertsch-Pratt decomposition we have k * out ≡ k * cos(Ψ) and k * side ≡ k * sin(Ψ). To study emission asymmetries, it was proposed [1] to study not one, but two separate correlation functions. The first one, C + , is constructed only with pairs for which k * out > 0. The second, C − , only with pairs with k * out < 0. The first case corresponds in the classical picture to the scenario where the first particle is faster, the second-to the second particle being faster (in the transverse direction). Then, the two functions are compared, e.g. by studying the "double ratio": C + /C − . The "double ratio" can be different from unity. This means that in one of the samples the correlation is stronger. This can only happen if the cos(θ * ) is different in both samples. In other words e.g. by selecting cos(Ψ) > 0 we obtained a sample of pairs for which cos(θ * ) > 0 as well, while in the other sample for cos(Ψ) < 0 we have cos(θ * ) < 0. From (7) one sees this can only happen if cos(φ ) > 0. This is the essence of the asymmetry measurement. By selecting pairs based on direction of it's relative momentum k * with respect to the pair velocity, and knowing that the interaction strength depends on the angle θ * we can infer what is the direction of the pair relative separation r * with respect to the pair velocity. Moreover we can replace the pair velocity in the consideration with any other direction defined for the pair (for example -the "Side" direction) and measure r * with respect to that direction as well. This is an observable which is not accessible in any other way. Quantitative considerations show that one can measure not only wheather r * is (on the average) parallel or anti-parallel to v, but also the the value of r * out ≡ r * cos(φ ). As an example, the sensitivity of the pionkaon correlation function to the size of the system as well as to the average shift between particle species is shown on Fig. 2 . It is interesting to note that the asymmetry between C + and C − does not vanish at k * = 0 [3] . It comes directly from (5) , where the first term giving the asymmetry does not depend on k * . However one must also remember that the A c factor will mask this asymmetry by forcing the whole pair wave-function to go to zero for same-charge and infinity for opposite charge particles at k * = 0. The analysis of experimental data of non-identical particle correlations is significantly complicated by the fact that there is no analytical form of the correlation function that can be fit to the data, as is the case for identical particle interferometry. One is forced to perform numerical integration of the source function taking into account the two-particle momentum phase-space and experimental acceptance [2, 13, 15] a method similar to the one used before to fit e.g. proton-proton correlation functions [16, 17, 18, 19] . The "bestfit" values are found by finding the source parameters which produce the correlation function which most closely matches the experimental one.
THE ORIGINS OF ASYMMETRY
The asymmetry analysis was developed as a tool to study the time sequence of the emission of particles [1] and it has been used in this manner in analysis of heavy-ion collisions at intermediate energy [5, 6, 7] . The time differences measured were on the order of tens or hundreds of fm/c. However in relativistic collisions such long-lived source is not observed [8, 9, 10] . Parameterizations which assume a sudden break-up of the rapidly expanding fireball seem to describe the data self-consistently. Calculations based on hadron rescattering, like the RQMD model [20] , also predict time shifts of the order of only a few fm/c [21] . It is also well known that particles coming from short-lived resonance decay will appear as coming from a delayed source. A simple calculation in THERMINATOR model [22] shows that this is indeed the case (see Fig. 3 ), however the overall difference between the average emission times of e.g. pions and kaons is again only a few fm/c.
Later it was realized that another mechanism could produce shifts in average positions of particles of different masses [24, 4] . This mechanism is a well-known radial flow. In a simple model of the source, a particle's velocity is composed of the radial velocity v r , coming from radial flow and thermal velocity v T . v r always points in the outwards direction, and is the same for all particles, or in other words we assume the matter is behaving collectively. This means that particle's velocity direction will be uniquely determined by the space-time point of its emission. The thermal velocity, in contrast, is directed randomly. Therefore it will randomize the observed velocity, and the correlation between particle's emission point and velocity direction will be somewhat reduced. Just how big this reduction will be depends on the relative strength of v r and v T . Since temperature matters less for particles with higher mass, we expect the lighter particles to have much more randomized velocity than heavier particles. This is seen on Fig. 3 . It shows the distribution of emission points of particles, obtained from the THERMINATOR calculation, whose velocity is in the "out" direction -that is along the x axis. We see that for pions this distribution fills the source almost evenly, which means that the average emission point of pions is close to the center. In contrast for kaons the distribution is sharply peaked in the "out" direction, leading to the average emission point closer to the edge. For protons this effect is even more pronounced. We also note that there is no such shift in the "side" direction. It is known that radial flow produces the "size"-p correlations, which are observed in the data [8, 9] as the k T dependence of the interferometry radii. However alternative explanations, like e.g. temperature gradients [23] were proposed. What is unique about radial flow though is that it also produces x-p correlations, which manifest themselves as shifts in average position between particles of different masses, as we discussed above. This phenomenon can be measured by non-identical particle correlations, which will provide an additional constraint on the dynamical models of the expanding source.
THE EXPERIMENTAL RESULTS
The first experimental results on non-identical particle correlations in relativistic heavyion collisions that concerned not only time ordering of the emission of baryons were obtained at the SPS by the the NA49 experiment [24, 25] and at AGS by the E877 experiment [26] . The first included π + − π − , π + − p and π − − p correlations and were compared to the RQMD predictions. They concentrated on the analysis of the size of the emitting system and concluded that RQMD underpredicts the size of the emitting system at theses energies. They have also observed the asymmetry between pions and protons, in agreement with predictions from the RQMD model. The second concluded the existence of the shift between pion and proton sources. A study similar to the second one has been also recently performed by CERES collaboration [27] . Next results came from RHIC [28] . Pion-kaon correlations have been analyzed in detail, taking into account both the size of the system and the shifts between particles of different masses. The results showed significant shift in average emission points between pions and kaons and were found to be consistent with the flow scenario. More preliminary analysis followed, resulting in the presentation by STAR of the complete set of π − K, π − p and K − p correlation functions at both 130 and 200 AGeV AuAu collisions [21] . Again significant shifts between particle species of different masses were observed. The flow hypothesis was found to be consistent with all data. Time shifts were also found to be important in the analysis. Recent analysis of correlations between non-identical particles of same masses [29] : π + − π − and p −p are consistent with zero asymmetry which is consistent with the flow scenario.
Recently STAR has also presented preliminary results from π − Ξ correlations [30] . Ξ particle is heavy and has a small cross-section for the interaction with the hadronic matter. Blast-wave fits suggest that the particle undergoes an early freeze-out, decoupling from the system earlier than e.g. protons or pions. This hypothesis can be directly tested by the asymmetry measurement through non-identical particle correlations.
The analysis was also extended into a more exotic systems of p − Λ and p −Λ systems [21] . The size of the system emitting these particles was compared to source sizes obtained from regular interferometry analysis and found to be consisted with the observed m T systematics.
SUMMARY
The history and theoretical basis of non-identical particle femtoscopy has been discussed. Coulomb interaction has been discussed in detail, showing how it can be used to measure emission asymmetries. The possible origins of asymmetries have been discussed and the link to the hydrodynamical flows has been established. Recent nonidentical particle correlations data from relativistic heavy-ion experiments have been discussed and showed to support the creation of strong radial flows in such collisions.
